An innovative crystallization process, based in the use of the eco-friendly supercritical carbon dioxide (scCO 2 ) solvent, is presented for the production of coordination compounds macrocrystals of general formula [Cu(hfacac) 
Introduction
The synthesis and design of metal-organic architectures, having diverse crystal topologies and functions, are of significant interest in crystal engineering and modern materials science and technology.
1,2 The use of compressed or supercritical carbon dioxide (scCO 2 ) as a solvent in crystallization processes of organics and organometalic compounds has been deeply explored during the last 30 years. 3, 4 Small particles are typically generated by spray processes, in which the scCO 2 can act either as a solvent, solute or antisolvent. 5, 6 Alternatively, the crystallization from a supercritical solution process, known as the CSS process, was developed to obtain large crystals. 7 Only few references are available dealing with the use of the CSS process applied to crystallize small organic molecules 8, 9 and organometalics. 10 Literature data on the solubility of different chemical compounds in scCO 2 is being continuously augmented and summarized, which facilitates the design of new reactive processes 11 , as, for instance, the precipitation of multi-component molecular cocrystals. [12] [13] [14] In this work, the unique properties of the scCO 2 solvent for the design of innovative processes in reactive crystal growth are explored. The main aim is to give a step towards the comprehension of the structural basis in the design of green crystallization methodologies for complex metal-organic products, other ways needing large amounts of organic solvents. The synthetic approach focused in the reactive synthesis of adducts in scCO 2 that further crystallize as one-molecular products by solvent elimination. Particularly, adducts are synthetized by reacting copper hexafluoroacetylacetonate [Cu(hfacac) 2 ] and several monodentate pyridine derivatives (dPy) dissolved in scCO 2 .
Several uses are envisaged for both the designed supercritical process and the precipitated adduct crystals. The conventional operation unit of adducts crystallization is often used as a separation method. 15 In supercritical extraction processes, the formation of scCO 2 -soluble adducts is proposed for CO 2 purification and recycling without significant pressure lost. The studied family of metal-complexes can be used for the removal of retained pyridine in scCO 2 pyridine coal extracts. 16 Although scCO 2 has been applied successfully for the extraction of organic compounds in industry, direct extraction of metal ions using neat scCO 2 has been found to be inefficient, owing to the weak solute-solvent interaction. A solution to this problem has been found by working with scCO 2 containing β-diketones, already used to extract salts of heavy metals, uranium and rare earth elements from solutions or solid surfaces. 17 The formation of pyridine adducts with the extract would facilitate the separation of the radioactive materials from the scCO2 solvent. In regard of the crystallized products, these complex structures can be imagined as new building blocks for supramolecular chemistry in scCO 2 . 18 The purpose of introducing metal ions into the adducts architecture may be structural or to attain desired functions such as catalytic, optical or magnetic. 19 Finally, although the synthetized adducts do not currently have any reported clinical use, this work would help to lay the foundations for the sustainable crystallization of copper-based adducts that are widely used in medicinal inorganic chemistry, 20 by taking advantage of the numerous positive properties described for supercritical production technology in the pharmaceutical industry. 21 As a point of interest, hollow crystals were precipitated using the scCO 2 approach, which also find applications in pharmacy, since these solids are generally more soluble and faster dissolving than their dense-crystals counterparts. 22 The objective of this work was to verify the ability of the scCO 2 solvent to interact with chosen building blocks to effectively produce high quality crystals of different [Cu(hfacac) 2 (dPy) 2 ] adducts. Crystallographic, morphological, physicochemical and textural data of CSS prepared samples were measured and compared against those of crystals obtained by a more conventional evaporation solvent method. Moreover, four new crystal structures were determined by monocrystal X-ray diffraction.
Materials and methods

Materials
Copper hexafluoroacetylacetonate [Cu(hfacac) 2 ] was chosen as the metal complex, combined with either 4-phenylpyridine (PhPy), 4-benzylpyridine (BzPy) or 4-acetylpyridine (AcPy) as the organic building block, to form the adducts (Fig. 1) . Dichloromethane (DCM), heptane, methanol and water were used as solvents in the conventional evaporation method.
Reagents and liquid solvents were all purchased from Sigma Aldrich and used without further purification. Compressed CO 2 (99.995 %) was supplied by Carburos Metálicos S.A., Air
Products Group (Spain).
Methods
Supercritical procedure
Sample preparation under scCO 2 was carried out in a high pressure equipment described elsewhere. 4 A stainless steel reactor of 100 mL volume, equipped with two opposite sapphire windows, was used for the crystallization experiments. The autoclave was charged with ca. 80-100 mg of [Cu(hfacac) 2 ] and about 50-80 mg of a pyridine ligand, in a 1:2 Cu:dPy molar ratio. The reagents and a small magnetic stir bar were added to a 10 mL Pyrex vial capped with filter paper and placed within the reactor. The cell was then sealed and the specific protocol of pressurization/depressurization schematized in Fig. 2 
Characterization
The weight percentage of C, H and N in the obtained samples was measured by elemental analysis using a Flash EA2000 Thermo Fisher Scientific analyzer ( For all the solved crystal structures, the rotation disorder of the CF 3 groups (due to their high symmetry and low energy barrier of the rotation about the threefold symmetry axis) has been modeled by assigning (to each of the CF 3 groups) six fluorine positions with elongated thermal ellipsoids. 25 All six C-F distances have been restrained to be equal (elasticity = 0.02 Å), as well as all six F···F distances (elasticity = 0.04 Å) and also the F···X distances (elasticity = 0.04 Å), being X the atom to which the CF 3 group is bonded. Also, rigid bond restraints (elasticity = 0.01 Å) have been applied to the six F atoms and the C atom conforming each CF 3 group. Considering all these conditions, a total of 63 restraints for each CF 3 group are applied.
Synchrotron powder XRD was carried out on the high resolution powder diffraction endstation of the MSPD beamline (BL04) 26 of ALBA synchrotron using the microstrip MYTHEN-II detector (6 modules, 1280 channels/module, 50 µm/channel, sample-to-detector distance 550 mm) at an energy of 20keV (wavelength = 0.61976Å). All the samples were softly milled in an agate mortar, introduced into Ø0.7 mm glass capillaries and measured in transmission mode at room temperature.
Results and discussion.
The process of reactive crystallization for adducts formation involving dPy ligands was surveyed under scCO 2 conditions by the CSS process. The CSS can be treated as an extension of the classical batch liquid solvent crystallization process, in which crystals are obtained either by gradual cooling down, or slow solvent evaporation, of a saturated solution.
In the scCO 2 batch CSS method, both the temperature and the pressure can be used to trigger crystal growth. The chemical structure of used reagents and obtained products are schematized in Fig. 1 . Pyridine reagents were chosen because they have a significant solubility in scCO 2 . Indeed, under working experimental conditions, organic pyridine linkers could be dissolved in scCO 2 at the used concentration. Moreover, pyridine and its derivatives are attractive monodentate nitrogen ligands with an exo N-donor site available for reacting with metals. Although most solubility data in scCO 2 refers to organic substances, it has been reported that scCO 2 can also dissolve metal-containing coordination compounds. 27 The [Cu(hfacac) 2 ] building block has a significantly high solubility in compressed and supercritical CO 2 , determined by the fluoride content (y=6.1 10 -4 at 40 ºC and 100 bar).
28
Reports on the use of scCO 2 as a solvent for the synthesis of coordination compounds are very scarce. 29 Previous studies have described the use of scCO 2 to process [Cu(hfacac) 2 ], either to deposit copper films, 30, 301 to produce copper particles, 32 to obtain one-dimensional coordination polymers, 33 or for the etching of copper using hfacac in scCO 2 . 34, 35 In the etching conditions, a [Cu(hfacac) 2 (Py) 2 ] adduct was probably formed, although the authors did not report its isolation or characterization.
In this work, crystal formation proceeded in five steps following the pressurization/depressurization protocol schematized in Fig. 2 : reagents dissolution, reaction, precipitation, product dissolution and recrystallization. Reagents dissolution, reaction between the two building blocks, and precipitation of the products occur almost instantly in the reactor during system pressurization with CO 2 . Indeed, the formation of a green precipitate was already observed under liquid CO 2 conditions at 60 bar, which maintains the texture after increasing the pressure and the temperature to 200 bar and 60 ºC, respectively, but only for a short period. With time, the green precipitate is dissolved under these supercritical conditions.
End products were obtained as pure crystalline materials. The presence of solid reagents was not observed in the X-ray profiles of the precipitated crystals (Fig. S1 ). Any possible excess of reagents was likely eliminated from the reactor during system depressurization, as indicated.
For the obtained products, the measured weight percentages of C, H and N confirmed the expected stoichiometry ( (Fig. 3 a, b ). This result was further confirmed by elemental analysis ( From them, green single crystals were studied by X-ray analysis.
All studied compounds (products in Fig. 1 ) are molecular complexes that crystallize in the monoclinic crystal system. The unsaturated coordination sphere of copper in the Cu(hfacac) 2 precursor is completed by two pyridine-type donors occupying relative trans positions. This configuration is quite similar to the geometry described for [Cu(hfacac) 2 ] adducts with pyridine derivatives and other N-donor ligands, such as 3-cyanopyridine or pyrazine, 36 3-pyridyl-1-acetamidobenzene, 37 isonicotinamide, 38 cyanopyridine, 39 N-tert-butyl-N-oxyamino-pyridine, 3-(N-tert-butyl-N-oxyamino-pyridine 40 for all the studied samples. adduct. Each molecule interacts with the four nearest molecules through pairs of H (7)···C (17) contacts ( and have the copper atoms on the inversion centers ( Fig. 6a and 6b ). (Fig. 6b) . In this polymorph, the strongest intermolecular interactions clearly define chains parallel to the a axis with short F(1)···C (45) contacts [3.06(3) Å] between a fluorine atom and the ortho carbon of a pyridine ligand linked to the adjacent copper atom in the chain. This is associated by a short H(21)···H (45) 
Crystal morphology
A deep study of crystal habit was performed for the [Cu(hfacac) 2 2 ] sample, an initial process of homogeneous nucleation and precipitation was evidenced at depressurization pressures of ca. 120-100 bar (Fig. 2) by the sudden development of a myriad of small crystals in the bulk of the solution, with the appearance of thin flakes that slowly fall down with a kind of Brownian motion. A noteworthy amount of these flakes was still present on the wall of the reactor after system depressurization ( Fig. 7a, red arrow) . Further, the development of large acicular crystals was observed at pressures lower than 80 bar (Fig. 7a) . These crystals were recovered after system depressurization. On the contrary, the isolated episode of homogeneous nucleation observed for the [Cu(hfacac) 2 (PhPy) 2 ] product was not detected for the [Cu(hfacac) 2 (BzPy) 2 ] material.
In this case, residual small crystals were also not observed on the reactor wall (Fig. 7b) (Fig. 8b) .
For the CSS recrystallized product (sample src[Cu(hfacac) 2 (PhPy) 2 ]), particles of several hundred microns with an extremely high aspect ratio were observed at low magnification ( Fig. 8c) . High magnification SEM analysis reveals a habit involving likely a layer-by-layer alignment, with steps in the micrometric height scale (Fig. 8d) , coincident with the twodimensional organization in parallel layers described in its crystalline structure. (Fig. 10a) . The concentration gradients arising during the slow depressurization process carried out in the CSS method drive the formation of hopper-shaped crystals. 53 As a result, the edges of the hoppered crystals are fully developed, but the interior spaces are not filled in. In general, hoppering occurs when two-dimensional nucleation is higher along the edges of the crystal than near the face center. The interior shows crystals with the form characteristic of the large crystal, being miniature versions of it. Crystals seems to grow layer wise forming crystals bounded by faces (Fig. 10b) . Similar sprouting of plates, the occurrence of hopper growth and the stepped structure on the plates (Fig. 10c) has been previously described for naphthalene large crystals grown in scCO 2 using a similar CSS procedure. 54 Crystals obtained by fast precipitation in scCO 2 at 200 bar (sample sp[Cu(hfacac) 2 (BzPy) 2 ]) were well faceted polyhedra (Fig. 10d) , with a dense structure and relatively small size (3-50 µm). As well, crystals obtained by conventional evaporation (Fig. 10e) had similar morphology and size to the scCO 2 fast precipitated product, although they showed a narrower particle size distribution (20-50 µm). In general, facet growth is given in an environment with negligible bulk-diffusion barrier, i.e., in a kinetic regime, which results in faceted small crystals, while hopper growth is observed in systems with a significant bulk-diffusion barrier, i.e., in the diffusion regime.
Crystals obtained following the conventional or straight scCO 2 precipitation method correspond to those expected from a kinetic control, while crystals obtained in the CSS method are consistent with habits anticipated in a diffusion regime. Among the studies carried out in supercritical fluid crystallization processes, very little examples of hollow structures are found, being the most documented those formed by mesoporous hollow spheres prepared from supercritical CO 2 /water systems 55 or by using strategies involving template methods, as in the case of micrometric hollow fibers. 56 From all of the reported structures, only one case of rectangular hollow tubes, similar to crystals in this work, using supercritical water was found. 57 The micrometric intra-particle voids would have a direct impact in crystal properties, primarily by facilitating the diffusion of molecules.
Certainly, materials with hollow interiors have attracted great attention in recent years due to their widespread potential applications in many fields, e.g., new materials for sensors/probes, drug-delivery carriers, biomedical diagnosis agents, catalysts for size-selective reactions, etc. For sample precipitated following the CSS procedure. 
